The effect of physical ageing process on the electrical and thermal properties of amorphous and semi-crystalline PEN was investigated by means of the thermally stimulated depolarization currents (TSDC) and the differential scannig calorimetry (DSC). The TSDC measurements revealed a significant decrease in the mobility of the molecular chains in the amorphous PEN (PEN a ), aged at a temperature T g -10K (T g is the glass transition temperature). This mobility is directly related to the polarisation corresponding to the main relaxation of the material. This phenomenon was also observed in the case of biaxially stretched PEN (PEN biax ). However, it is much less important in this case. The calorimetric technique (DSC) showed, in the case of PEN a , that the effect of ageing is particularly important when the ageing time increases with a maximum effect for ageing temperature equal to T g -10 K. In the other side, no effect was observed on the semi crystalline PEN biax by the DSC technique unlike the TSDC technique. These results confirm again the high resolving power of this latter. Also, the effect of crystallinity on the structural relaxation of PEN was highlighted and is summeryzed as following : firstly, we have observed a decrease in the TSDC peak's intensity of the α-relaxation and in the recovery enthalpy of the structural relaxation when the crystallinity rate increases. Secondly, an increase in the activation energy ∆h* with the increase in the crystallinity rate and a decrease in the limit fictive temperature T' f were observed.
INTRODUCTION
For optimal use in technology of today, the polymeric materials and particularly thermoplastics are facing strong competition that is partly due to intrinsic performance and secondly to the relative stability of their properties over time [1] . Indeed, a large number of factors act more or less directly and affect the life time of the organic insulators. We generally distinguishes external ageing from the internal one of these materials. The first type may have very different origins such as classical electric constraints, thermal or mechanical stress, but also more difficult to identify as humidity, presence of impurities or the radiation effect. As for the second type, it is directly linked to the instability of the thermodynamic states of the polymer [2] .
The choice and the use of polymers and particularly aromatic polyesters, of which our material belongs [polyethylene naphthalate (PEN)], poses in practice, the most difficult problems to solve. These later are related to the design, construction and operation in electrical systems. Thus, despite the various benefits of using these materials in electrical insulation, experience shows that for many reasons, such insulators may have failures caused primarily by the ageing phenomenon. This problem led us to contribute to the study of physical ageing of PEN in its amorphous and semi-crystalline states. Why polyethylene naphthalate? the choice of this material was motivated by two main reasons; the first one is industrial and the second one is purely fundamental.
Crystallinity Effect on the Structural Relaxation of Polyethylene Naphtalate (PEN) by TSDC and DSC Experiments
On the industrial side, PEN plays an important role in the field of electrical engineering; it is used for example as conductors insulation in electric motors.
Due to its particular characteristic temperatures, PEN is used in the electronics field and especially in systems which miniaturization is achieved by the use of such materials [3] [4] . The excellent qualities of PEN are opening up a wide range of applications. However, the determination of the acceptable life time in service may have a large interest for its optimal use, which requires a study of the structural relaxation or physical ageing. Regarding the fundamental interest, the PEN can be considered as a model element to reflect a typical behavior study. In fact, such as polyethylene terephtalate (PET), this material can be obtained in different structural states ranging from the amorphous one to the different crystalline ones by appropriate treatment, which may be thermal or mechanical.
What is physical ageing? Amorphous polymers undergo structural changes in their state when they are maintained over time, to a temperature below T g. . These changes commonly called physical ageing affect the mechanical, dielectric and thermal properties of the material. This type of ageing involves only reversible changes in the material properties, without permanent alteration of its chemical structure. So, physical ageing can be defined as any process resulting in a change into the material's properties without any chemical modification. Then, the physical ageing will be characterized by a gradual relaxation of the chains in order to reach an equilibrum state with a lowest energy ;this relaxation will affect many physical and mechanical properties of the polymers.
In this work, we have carried out the study of the crystallinity effect on the structural relaxation of polyethylene naphtalate (PEN), through the evolution of some of its characteristic parameters: two experimental techniques have been used for this purpose, namely, the differential scanning calorimetry (DSC) and the thermally stimulated current method (TSDC).
EXPERIMENTAL SECTION

SAMPLE
The measurements were carried out on commercial PEN under reference LS 308063 supplied by Goodfellow (U.K.) and biaxially stretched (PEN biax ) in 125 µm thickness and 1.36 g/cm 3 density. Amorphous samples were obtained by rapid quenching of the molten materials in ice water. Samples with various degrees of crystallinity were prepared by quenching materials from different temperatures T Q lower than the melting point. Thus, we obtained different degrees of crystallinity χ cr as shown in Table 1 .
METHODS
Two experimental methods were used to perform this study: the differential scanning calorimetric technique (DSC) using a Technical Analysis instruments Q-10 and the thermally stimulated depolarization currents (TSDC) method.
The TSDC experimental device was developed by our research group and was widely described in our previous works [5] . Its principle is summarized as follows:
A static electrical field P E  is applied to the sample placed between the plates of a capacitor, at a bias temperature T p , during a polarization time Δt p . The sample's dipoles, having a relaxation time τ p at T p lower than Δt p , are oriented in the direction of the applied electric field. The temperature is then decreased to T 0 = 273 K with the field still on. This later was then switched off, the sample quenched to liquid nitrogen temperature, and the electrodes short-circuited during Δt cc in order to eliminate the parasite charge.
The thermal energy due to the controlled increase of the temperature with a heating rate of 0.12 K/s, is provided to relaxing entities and permits their gradual disorientation. The TSDC spectrum recorded in the temperature range [T cc , T p ] presents an asymmetric form characteristic of relaxation modes with a distributed relaxation times.
The experimental procedure for the physical ageing studied by this technique is done in two steps. Firstly and in order to erase the material's thermal history, the sample is heated to a temperature T above T g . Thereafter, a rapid quenching (cooling rate closed to -40 °C/mn) to the ageing temperature T a is made (at T a , a metastable thermodynamic equilibrium is maintained during Δt a -ageing time-) .
Once the t a expired, a static electric field is applied to the aged sample and the recording of the TSDC spectrum is then made.
Concerning the DSC measurements, we used a TA instruments Q-10 operating under a nitrogen atmosphere. It is composed of two identical furnaces in which the pans, containing the sample and the reference, are placed. The instrument was calibrated using an indium sample with known characteristics (melting temperature:T m = 429.6 K and melting enthalpy: H m = 28.45 J/g).
RESULTS AND DISCUSSION
Before presenting the results relating to the impact of crystallinity on the structural relaxation of PEN, we will firstly present those concerning the PEN a 's structural relaxation. 
STRUCTURAL RELAXATION OF THE AMORPHOUS PEN
In order to prepare an amorphous PEN, we performed two different ways:
For a DSC study, 10 mg of a reference sample were heated in the calorimeter at a fixed rate equal to 0.17 K /s to a temperature T = 573 K above its melting one. The material is then quenched at this temperature into ice water and the sample thus obtained is in an amorphous state. In contrast, the TSDC technique requires the use of films ;that is why, a film of the PEN biax is compressed between two stainless steel plates and then heated in an oven to T = 573 K at which the material is quenched in ice water. An amorphous PEN film having a thickness of 200 µm is then obtained.
Before starting our study, we have verified that the obtained sample is really amorphous. For this, we used two experimental techniques DSC and X-rays diffraction (XRD). The obtained DSC thermogram is shown in the graph of Figure 1 . The crystallinity rate deduced from this thermogram by using the formula given by [6] is estimated to 1.45 %.
The Figure 2 shows the XRD spectrogram on which clearly appears two large peaks. The first one is located between 2θ =7° and 2θ=34°. The second one which its intensity is lower, is located between 2θ=38° and 2θ=60° [5] . The appearance of these two peaks corresponds to the amorphous region characterized by order at short distances between nearest neighbors (intra-chain, inter-chains).
In a first step, we studied the enthalpy relaxation of the PEN a by submitting our samples to different glassy annealing, characterized by ageing temperature (T g = 378, 383.388, and 393 K) and ageing times (Δt a = 10, 20, 40, 60, 90, 120, 180, 240, 480 mn). In a second step, we have tried to highlight the enthalpy relaxation by applying to our sample different cooling rates q = -0.3, -0.5, -1, -3, -5, -10, -15 and -20 K/mn.
The obtained results show that the physical ageing, induced either by glassy annealing or by cooling at different rates, is manifested by the appearance of an endothermic peak which is superimposed to the jump of heat capacity associated with the glass transition as shown on Figures 3 and 4. We noticed that the peak's amplitude increases and shifts to higher temperatures by increasing the duration of ageing as shown in the thermograms of the Figure 3 . The same behavior is observed in the case of different cooling rates (see Figure 4) .
The endothermic peak's amplitude increases with increasing ageing time or with decreasing cooling rates. Such change of the endothermic peak associated with enthalpic relaxation is explained according to various authors by the decrease in molecular mobility which induces a reduction in the free volume [7] [8] [9] and therefore a decrease in the mobility of the molecular segments. Thus, the physical ageing causes decrease of entropy, increasing the stiffness and the viscosity of the material [10] .
Indeed, the TSDC complex spectra of PEN a , aged at T a =393 K during various ageing times Δt a between 0 and 180 mn, are illustrated in Figure 5 . This latter shows for each ageing duration, peak at T = 393 K, attributed to the manifestation of the dielectric glass transition. According to several authors, this peak is attributed to micro Brownian motion in the main chain of the polymer due to conformational rearrangement within the material [5] .
It clearly appears in Figure 5 , that the depolarization peak intensity decreases when the ageing times increases). Therefore, the total polarization which is directly related to the area under the peak, follows the same evolution. This polarization's diminution is a result of the decrease in the molecular mobility in the material which leads to a decrease of the free volume. This evolution shows a tendency to a saturation phenomenon after approximately 100 mn (see inset of Figure 5 ). The activation energy was determined using the half heights method and by applying the empirical formula given by Grossweiner [11] [12] 
T M represents the maximum peak's temperature, T 1 the temperature at the mid-height of the peak and k the Boltzmann constant. The evolution of the obtained activation energy is shown in Figure 6 . It shows a decrease when ageing becomes important with a tendency to saturation when Δt a becomes important. Similar results have been found by many authors in the literature [13] .
An example of the amorphous mobile rate evolution, calculated by the formula given in [14] , as a function of ageing time is shown in Figure 7 . This rate remains almost unchanged with the ageing time, which means that it affects the mobility of the chains without changing the rates of the material's phases (crystalline, amorphous rigid and mobile phases).
The involved enthalpies during the enthaplic relaxation studied by DSC, are calculated from the area under the glass transition peak: they increase with ageing time (Figure 8 (1) t V =10mn (2) t V =20mn (3) t V =40mn (4) t a =60mn (5) t a =90mn (6) t a =120mn (7) t a =180mn (8) t a =240mn (9) t a =480mn Figure 10 . The fictive experimental temperature's evolution versus the temperature for various glassy annealing (inset: evolution of the limit fictive temperature versus the ageing time). [3, 11] . This result is similar to those found by Hutchinson and Cowie [15] [16] . According to Bauwens [17] , enthalpy should approach a plateau when the ageing time is sufficiently long. The rate of enthalpy change (ΔH/Δt) decreases with ageing; this is the result of a decrease in molecular mobility when the material reaches its metastable equilibrium state. Infact, the enthalpy's evolution in this case shows sigmoidal behavior with a saturation that begins after about 480 mn of ageing.
Indeed, Figure 8 shows that the variation of the enthalpy relaxation is more rapid in the first hours of ageing because of the stored extra energy. In the same way, the recovery enthalpy decreases as the cooling becomes faster.
The effect of ageing temperature for a fixed period of ageing is complex (see inset of Figure 8 ). Indeed, ageing at temperatures far below T g (T a ≤ 383 K), the recovery enthalpy increases with increasing ageing temperature. However, this behavior evolves in the opposite direction when the ageing temperature is close to T g (383 K <T a <T g ). The same result is reported in the literature [18] [19] . When the difference between T a and T g is high, the molecular mobility is sufficiently reduced and the densification process of the system is delayed. Therefore, the ageing's time scale of experiment does not allows the detection of the total enthalpy change. On the other hand, increasing the ageing temperature increases the molecular mobility and the densification process becomes faster, which means an increase of the enthalpy.
For ageing temperatures near T g , the enthalpy of the glassy state is not too different from that of the equilibrium state, that is why the enthalpy of recovery decreases with increasing ageing temperature [8, [20] [21] . Figure 9 reflects the influence of ageing times over the temperature T max (maximum temperature of the endothermic peak); it shows that T max increases linearly with the logarithm of Δt a [22] [23] . For each ageing period, the state of the structure can be defined by a fictive temperature T f . This parameter is directly related to the ageing's state of the material [24] [25] [26] ; T f of an aged material is defined as the temperature at which sample's enthalpy for a temperature T < T g is equal to the enthalpy of the system at equilibrium state.
At the beginning of ageing, the fictive temperature is equal to the glass transition temperature.
During ageing, the fictive temperature should decrease, characterizing the rate of molecular chains relaxation. Indeed, Figures 10 and 11 show that for temperatures above T g , the amorphous phase is in the liquid equilibrium state regardless of Δt a .
The fictive temperature at glassy state, below the equilibrium line T f = T, is characterized by a limit value T' f , which decreases with increasing ageing times and decreasing cooling rates. Notice that the T' f 's decrease (inset of Figures 10 and11) suggests that there is a continuous structural relaxation in the material at this temperature [27] .
The activation energy associated with the structural relaxation, is deducted directly from experimental changes in fictive temperature T fexp (T) and the corresponding T' f using the equation given by Moynihan [28] .
where, R is the ideal gas constant and q the cooling rate. ∆h* can be calculated from the graph representing the variation of the logarithm of the cooling rate (ln│q│) versus the inverse of the fictive temperature (1/T' f ); this variation is almost linear as illustrated in Figure 12 . The slope of the obtained line gives the factor -∆h*/R. The energy's value is set to 760 kJ.mol -1
CRISTALLINITY IMPACT ON STRUCTURAL
RELAXATION OF PEN Most scientific researches on the physical ageing's of polymers are performed on the amorphous polymers. By comparison, there is little works on the physical ageing of semi-crystalline ones. We have tried in this section to study the structural relaxation or physical ageing of semi-crystalline PEN induced by two distinct mechanisms, namely, the glassy annealing and various cooling rates.
In the PEN 25 's case, the found results show that this material has a similar behavior of PEN a . Physical ageing occurs in DSC thermograms, by the growth and the shift of an endothermic peak which is superimposed to the jump of the heat capacity when the ageing time Δt a increases.
Compared to PEN a and in identical conditions (T, Δt a ), the amplitude of the endothermic peak is lower in the case of PEN 25 meaning that physical ageing is more important in the case of PEN a . The same behavior has been reported in the literature in the case of PEEK (polyetherethercetone) and PET [29] [30] [31] . This result is explained by the fact that the crystalline regions function as entanglements area (physical), whose role is to delay and reduce the process of relaxation. Figure 13 reflects changes in heat flow versus temperature for PEN a , PEN 25 , PEN 43 and PEN biax aged at 383 K for 480 mn. We notice that it is very difficult to get a separate specific heat's jump, in the case of PEN 43 and PEN biax ; their high crystallinity hinder greatly the manifestation and the identification of the physical ageing's phenomenon by DSC technique [32] .
The increasing's degree of crystallinity reduces the free volume in the polymer, which causes a decrease in the molecular mobility, which prevents the polymer from any structural evolution. In the other side and in the term of thermodynamical's view, as well as the materials is close to the perfect order as well their entropy is low ; this means that if the local order inside the material make it with lower energy compared to an aged amorphous material, no evolution can be seen. However, if the energy is not at its minimal value, a possible diminution of the enthalpy can be seen to approach the equilibrium state. This result appears clearly on the graphs of Figure 14 , which shows the change in enthalpy as a function of ageing temperature for a fixed value of Δt a =480 mn in the case of PEN a and PEN 25. Figure 15 represents the evolution of the jump in heat capacity at T g in the PEN 25 's. Through this change, it can be concluded that the physical ageing does nosubstantially the rate of the mobile amorphous phase in the material. That is to say, for a fixed rate of crystallinity, the rates of mobile and rigid amorphous phases remain invariant, regardless of the degree of ageing of the material. This result, in our view, reinforces the thermoreversible aspect of the ageing's phenomenon.
Regarding the impact of crystallinity on the limit fictive temperature's evolution, the same behavior observed for PEN a is observed for PEN 25 ;. a decrease of T' f is observed when ageing time Δt a increases or when the cooling rate decreases.
The effect of the crystallinity over the activation energy is very significant. Indeed, when the rate of crystallinity increases, the material need more energy to relax. The activation energy of PEN 25 is about 1516 kJ / mol, while in the case of PEN a , it is 759.6 kJ / mol. Those found in previous work [19] for the PEN 5 and PEN 15, they are of the order of 1020 kJ/ mol and 1240 kJ/mol, respectively.
It should be noted that the activation energy depends strongly on the rate of the mobile and rigid amorphous phases.
Indeed, Figure 16 shows that the activation energy increases with the rate of the rigid amorphous phase and decreases when the mobile amorphous phase increases in the material. This result is very important in our opinion ; as in the work previously reported [33] , it was shown that an equal rate of crystallinity do not necessarily involves the same rate of rigid and mobile amorphous phases.
The PEN biax 's DSC thermograms did not reveal any endothermic jump in the specific heat, which design glass transition of the material. However, in the cases of PEN a , PEN 25 and PEN 43 , the DSC thermograms show these endothermic jumps at around the same temperature which is close to 397 K. Moreover, the recorded thermally stimulated currents (TSDC) spectra in the range temperature [313 K, 433 K], reveals an α-relaxation mode. This allowed us to link it with the dielectric manifestation of glass transition within the material [5, 34] . Figure 17 illustrates the maximum current's evolution, in the case of aged PEN a and PEN biax at the same temperature T a =383 K, as a function of ageing times. This figure shows that the saturation is reached after about 6000 s in the case of PEN a . We can then say that the crystallinity delays the effect of physical ageing.
The activation energies, estimated by TSDC in the case of PEN biax , are much lower than those obtained in the case of PEN a . This energy decreases with the ageing time by following the same trend as that observed in the case of PEN a ( see inset of Figure 17 ). Finally, we notice that through this study, the TSDC technique has shown once again its high resolving power. Indeed, while no physical ageing effect on PEN biax have been detected by DSC, a small decrease in the TSDC current was observed in the case of PEN biax aged at 393 K during various times.
CONCLUSION
We were able, during this study based on TSDC and DSC measuremenrs, to show that the physical ageing phenomenon is not limited to amorphous materials but It also affects, at lower level, the semi-crystalline polymers through their amorphous phases. The most important results are given below:
The DSC study of amorphous PEN revealed that the physical ageing phenomenon, induced by different cooling rates or by different glassy annealing, is manifested by an endothermic peak increasingly pronounced which shifts to high temperatures, when the ageing time growths or when the cooling rate decreases. The effect of ageing, by the TSDC technique, is manifested by a decrease in the current's amplitude explained by a diminution of the molecular mobility leading to a decrease in the fraction of the free volume. However there did not affect the temperature at the peak's maximum.
The obtained results highlight a decrease of, the recovery enthalpy involved during the structural relaxation, the specific heat at the maximum's endothermic peak, the limit fictive temperature T' f and the peak intensity of the α-relaxation with a change in its form, when the crystallinity rate increases. Also, an increase in activation energy ∆h* with the growth of crystallinity is observed. Finally, a no influence of the crystallinity rate over the maximum temperature of the ageing effect, is observed. 
